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■ INTRODUCTION
Solid-state electrolytes have the potential to dramatically improve safety and performance of state-of-the-art battery technology. The high energy density and long cycle life of lithium-ion batteries has led to their adoption in all manner of technologies, but serious safety concerns still exist due to their use of flammable organic solvent electrolytes. This is especially problematic for grid-scale storage and transport applications including aircraft and automobiles. Solid-state ionic electrolyte materials are a viable nonflammable alternative, would enable novel device geometries to improve packing efficiency of the cells, and have the potential to improve cycle life and enable higher voltage cathodes. 1 By suppressing dendrite formation, solid electrolytes may also allow the use of metal anodes which would increase energy density considerably. Development of Li-ion solid electrolytes has proceeded rapidly in recent years, with the conductivity of some systems even approaching and surpassing that of liquid electrolytes. Room temperature conductivities of around 1 mS cm −1 have been shown in NASICON-type oxides 2−4 and lithium garnets. 5−7 These systems typically require high synthesis temperatures 8 and cosintering to obtain good contact between the electrode and electrolyte, 9 which is important for battery performance. 10, 11 New thiophosphate materials based on Li 3 PS 4 12 have recently emerged as a novel class of superionic conducting materials with even higher conductivities and whose mechanical properties allow better physical contact with electrodes. These include Li 10 GeP 2 S 12 ( LGPS), with a conductivity of 12 mS cm −1 at room temperature, 13 and Li 7 P 3 S 11 , a glass-ceramic with a room temperature conductivity of 27 mS cm −1 . 14 Less expensive versions of LGPS where Ge is replaced by Sn or Si have also been predicted 15 and synthesized. 16−19 Despite this progress in achieving high bulk conductivity, the rate capability of most all-solid-state cells, particularly those employing high-voltage oxide cathodes, remains poor. 20, 21 This is typically ascribed to high internal resistance at the interfaces, but the exact mechanisms by which this resistance builds have been difficult to ascertain experimentally. Chemical incompatibility, electrochemical reaction, and mechanical issues may all play a role in degrading battery performance. Coating the electrodes with an oxide barrier layer has been necessary to suppress development of extreme interfacial resistance and enable high-rate cycling, 13, 16, 22, 23 but many of these cells still see significant degradation after relatively few cycles. The future of solid-state batteries depends on engineering better interfaces to allow high rate capability and extended cycle life in this new generation of batteries. The experimental investigation of interface reactions is tedious as accessing the interface between two solids is difficult and the reaction layers are often only a small fraction of the total solids. For this reason, a predictive modeling approach that formally includes the chemical and electrochemical driving force is highly valuable.
To improve understanding of the causes of interfacial resistance in these systems, we develop in this work a methodology to evaluate the thermodynamic stability of battery interfaces and use it to explain experimentally observed trends. We find that the bulk thermodynamic driving force for reaction between the electrolyte and cathode is a good proxy for interfacial stability and that this contribution to the reaction energy dominates the effects of interfacial energy. We apply our methodology over a broad range of cathode/electrolyte combinations and suggest new strategies for improving device performance. These calculations require only basic thermodynamic data for the electrolytes, cathodes, and possible decomposition products. To obtain this starting data, we leverage the scalability and transferability of Density Functional Theory (DFT) calculations to augment available experimental values. This enables the examination of a wide range of cathode and electrolyte combinations including materials whose thermodynamic properties have not yet been determined experimentally while retaining the accuracy of experimental data in systems where this data is available.
Results of the bulk thermodynamic calculations explain the poor performance seen in many solid-state battery systems, and the generalization of the observed trends leads to design rules for constructing new battery systems. We find that the chemical composition of electrode and electrolyte phases is the primary determinant of interfacial stability but that the performance of these interfaces can be improved by engineering systems where the decomposition phases are passivating (electronically insulating) but still ionically conductive. For example, LiPON, 24 one of the few commercialized solid electrolytes, is calculated to be unstable against a lithium metal anode but forms an ionically conducting passivation layer in situ. In particular, the choice of anion is the most critical factor determining the high voltage stability limit. When paired with high voltage cathodes, thiophosphate electrolytes have a high driving force for reaction to form ionically insulating barrier layers, explaining the high internal resistance seen experimentally. We also identify a number of potentially high performance cathode/solid-electrolyte combinations which have yet to be attempted experimentally. These results are also useful for suggesting combinations of electrolytes, one stable against the anode and one against the cathode, to widen the effective stability window.
■ METHODS AND RESULTS
The design of solid-state electrolyte materials is challenging due to the extreme conditions they experience in contact with both the anode and cathode. To evaluate interfacial stability we proceed in two stages. We first evaluate the electrochemical stability of the electrolyte by itself by subjecting it to Li chemical potentials (μ Li ) typically observed at the anode or cathode. We then extend this model allowing chemical reaction between the electrolyte and electrodes. All of these calculations consider the reaction energy of the bulk phases as the contribution of the actual interfacial energy is relatively small. For example, considering an upper bound for the change in surface energy of 0.5 J m −2 with an atomically thin interfacial product, the contribution to the total energy remains only ∼100 meV per atom, which we will show is small compared to the bulk driving forces in most relevant systems.
Stability versus Lithium Potential. High energy density batteries necessarily have anodes and cathodes with very different lithium electrochemical potential. We consider first the effects of subjecting the electrolyte to these extreme lithium potentials, without allowing other reactions between the electrolyte and the anode or cathode material. The stability window is determined by the voltages at which lithium is extracted from the electrolyte to form a Li-deficient decomposition layer between the electrolyte and the cathode ( Figure  1a , anodic stability) and at which lithium is inserted into the electrolyte, reducing another species and forming a Li-reduced decomposition layer (Figure 1b , cathodic stability).
For each considered electrolyte, we calculate the range of μ Li over which it is stable by constructing the relevant 0 K grand potential phase diagrams. We consider the grand potential Φ, the characteristic state function of the grand canonical ensemble, 25 for systems open to Li at applied voltages between 0 and 7 V vs Li/Li + (μ Li between 0 and −7 eV vs Li metal) according to eq 1, in which E[c] is the enthalpy and n Li [c] is the lithium concentration of composition c, and μ Li is the lithium chemical potential. Phase diagrams are constructed using a database of DFT computed bulk energies of materials with crystal structures obtained from the Inorganic Crystal Structure Database (ICSD) 26 and those generated by applying data-mined chemical substitutions. 27 In general, all known crystalline compounds in a given chemical space are included in this database. Similar data sets can be found online as part of the Materials Project.
For any lithium potential μ Li , we then find the resulting stable structures by computing the lower convex hull of Φ in composition space, similar to the approach taken in earlier work. 29 In general, the convex hull is formed by the set of ground state phases in a composition diagram. For any composition, the lowest energy is achieved by a linear combination of these phases. Compounds that are on the convex hull in Φ-composition space are stable in contact with a lithium reservoir at μ Li and cannot lower their energy by decomposition or exchange of Li with the reservoir. Known electrolyte materials that DFT calculates to be metastable at 0 K, e.g. Li 10 GeP 2 S 12 , are placed exactly on the convex hull (i.e., their formation energy from the nearby phases is set to 0) for the stability and reaction energy calculations to account for the small changes in free energy when going from 0 K to elevated temperature. For each structure, we find the range of μ Li over which it is present on the convex hull and therefore stable. As a simple example, the stability ranges for common ionic lithium binary materials are shown in Figure 1c . In all of these binary materials, the anion is fully reduced so further reaction with lithium metal cannot occur, and they are therefore stable down to 0 V. At voltages above the stability window, lithium is extracted from these materials yielding the oxidized anion, shown schematically in Figure  1a . These results are in good agreement with the conventional understanding that the halide anions are the most stable at high potential, and materials such as sulfides, nitrides, and phosphides display low anodic limits.
Chemistry of Materials
To evaluate the stability of technologically relevant electrolytes, we construct grand potential phase diagrams for a broad range of known solid-electrolyte chemistries using the pymatgen software package. 30 To obtain bulk energies, we employ DFT within the Projector Augmented Wave (PAW) formalism 31 using the generalized gradient approximation 32 to the exchange-correlation energy as implemented in the Vienna ab initio simulation package (VASP) 33 to calculate the formation energy of each electrolyte from the nearest phases present in the NIST-JANAF 34 or Kubaschewski 35 thermochemical tables or from the elements. A cutoff energy of 520 eV and a k-point grid of at least 500/n atoms was used for all calculations. We apply the mixing scheme of Jain et al. 36 to combine generalized gradient approximation (GGA) calculations with/without the rotationally invariant Hubbard (+U) correction 37, 38 to properly treat insulators and metals. The nearest phases are uniquely defined as those that define the Gibbs triangle (the low energy facet) containing the desired composition in the phase diagram. This phase diagram is generated using only materials for which we have the experimental formation energy, using the DFT computed energies to determine the convex hull. As an example, to calculate the formation energy of LiYF 4 , a compound whose formation energy is not present in the experimental tables, we use DFT to calculate the energy of the reaction LiF + YF 3 → LiYF 4 and add the experimental formation energies of LiF and YF 3 . This method results in a more accurate formation energy than computing the reaction from the elements since DFT reaction energies have improved accuracy when considering the energetics of systems in which the oxidation state of ions is unchanged. 39 For Li 3 PS 4 and similar materials, where the formation energy of Li 2 S is present in the thermochemical tables but P 2 S 5 is not, we use DFT to calculate the energy of the reaction 3Li 2 S + 2P + 5S → 2Li 3 PS 4 . When possible, such as for LiAlO 2 , this strategy results in using the experimentally determined formation energy directly. By using experimental energies as much as possible and supplementing them with DFT calculated formation energies when no thermochemical data is available, we maximize our predictive capability.
The calculated stability ranges for common solid-electrolyte materials are shown in Figure 2 , with the limiting anodic and cathodic reactions listed in Supporting Information Table S2 . In a typical battery, the electrolyte must be stable at lithium potentials between the anode chemical potential (close to 0 eV/atom vs lithium metal) and that set by the cathode (typically around −4 eV/atom for a layered oxide). We find that the anodic stability is determined primarily by the stability window of the related binary, or in the case of mixed anion materials, by that of the least stable related binary material, e.g. the anodic stability of Li 6 PS 5 Cl is determined primarily by the stability of Li 2 S. This phenomenon is explained by considering the pathway of decomposition first to the Li n X (n = 1, 2, 3, X = anion) binary and resulting phase equilibrium and then dissociation of this binary to extract lithium. According to this two step process, any removal of lithium from the electrolyte must overcome both the formation energy of Li n X and the energy of mixing with the other binary materials. The energy of mixing widens the electrochemical window over which the electrolyte is stable. In most cases this mixing energy is small and the anodic limit is close to that of the binary, but materials with strongly bound polyanions such as the phosphates and LiBH 4 have much wider stability windows since extraction of Li must be accompanied by the dissociation of the polyanion. The exceptions to this rule are those electrolytes that can lose lithium by oxidation of another of their components: e.g. oxidation of Mn 2+ in Li 2 MnBr 4 . Figure 2 also shows the expected trend of increasing anodic stability with increasing anion electronegativity.
In some cases, the stability windows of the electrolyte do not need to extend to the voltages of the anode and cathode. Li 3 PS 4 , Li 3 PO 4 , and LiPON are predicted to be unstable against Li-metal from our calculations, but these materials are known experimentally to form a stable interface. 24, 40 Table S1 shows that at this interface, a layer of Li 2 S/Li 2 O and Li 3 P is expected to form. Li 3 P is a known ionic conductor 41 and so can passivate the decomposition reaction and result in a stable interface still able to conduct lithium. In fact, recent experimental work 42 has observed formation of these passivating products at the interface between a LiPON electrolyte and lithium metal anode. Similarly, our calculations predict passivating phases to extend the anodic stability of LiPON to higher voltages. Above 1.2 V, we calculate decomposition to Li 3 PO 4 and Li 2 PO 2 N. 43 This crystalline LiPON phase has a wider voltage stability window but will further decompose to yield Li 4 P 2 O 7 above 2.75 V, in agreement with the proposed decomposition reaction mechanism of ref 24 .
Stability in Contact with Electrodes. The μ Li stability window yields great insight into the performance of an electrolyte in battery systems but does not consider the more complex reactions that may occur between electrolyte and cathode. At the interface between two phases, there is the possibility of reaction to form an intermediate phase or equilibrium of intermediate phases. We now extend the model to investigate the driving forces for such reactions. Since the reaction can consume arbitrary amounts of either phase, we consider the energy of all possible reactions of the form xc a + (1 − x)c b → c equil where c a and c b are the compositions of the two phases in contact, c equil the low energy phase equilibrium determined from the phase diagram, and x a mixing parameter which can vary between 0 and 1. We calculate the reaction of this form with the highest driving force, given by eq 2. In this equation, the function E pd [c] describes the energy of Figure 2 . Electrochemical stability ranges of various electrolyte materials grouped by anion, with corresponding binary for comparison. The high-voltage stability of these materials is determined primarily by the anion. The predicted anodic and cathodic reactions that determine these stability windows are listed in Supporting Information Table S2 . the ground state structure or phase equilibrium at composition c determined from the phase diagram. Essentially, this approach finds the products that form with the largest driving force when combining two materials.
To illustrate the approach of eq 2, we consider first a relatively simple system: an interface of Li 2 S with ZnCl 2 . The calculated quaternary phase diagram is shown in Figure 3a . The products of the mixing reaction can lie anywhere between Li 2 S and ZnCl 2 . The resulting reaction energies are obtained from the phase diagram and plot as a function of the mixing parameter x in Figure 3b . The interface is not thermodynamically stable and will react to form the lower energy equilibrium of 2LiCl + ZnS with a driving force of 0.27 eV atom . In contrast, an interface between LiCl and ZnS is predicted to be thermodynamically stable, which can be immediately seen from the presence of a tieline connecting those phases in Figure 3a .
In battery conditions, the interface system is open to lithium. We adapt eq 2 to account for this by replacing E pd [c] Li , as determined from the grand-potential phase diagram (eq 3). We apply the lithium potential determined by the computed average cathode voltage. During cycling, the lithium chemical potential is a function of depth of discharge, but this effect on the reaction energy is small. Because the system is open to Li, reaction energies are normalized by the number of non-Li atoms. The resulting expression (eq 4) is the change in the grand potential of the interfacial region from allowing the electrolyte to equilibrate with the external lithium potential and react with the cathode and determines the interfacial stability as a function of μ Li . (4) The magnitude of ΔΦ ultimately governs the thermodynamic stability of the interface, but we can obtain a deeper understanding of the two contributions to this value by comparing it to that of ΔΦ no mixing (eq 5), in which we do not allow mixing of the cathode with the electrolyte by enforcing x = 0 in eq 4. ΔΦ no mixing measures only the reaction energy from equilibration with the external lithium reservoir and is therefore correlated with the distance between the cathode voltage and the stability range of the electrolyte shown in Figure 2 . By this definition, the magnitude of ΔΦ is guaranteed to be at least as large as ΔΦ no mixing . In systems where ΔΦ and ΔΦ no mixing are approximately equal, the driving force from decomposition arises mainly from extraction or insertion of lithium as opposed to reaction with the other components of the electrode. 
Results of calculations of ΔΦ and ΔΦ no mixing for various cathode/ electrolyte combinations are shown in Figure 4 . The results of these calculations for all of the electrolytes in Figure 2 are available in the Supporting Information as Figures S1−S7. Generally, electrolyte materials that are predicted to be stable at the cathode voltage show low reaction energies as they come entirely from the mixing of cathode and electrolyte compositions and do not involve redox activity. Thiophosphate materials tend to have high reaction energies, a large part as a result of applying the cathode lithium potential but also from strong reactions between the PS 4 groups and oxide cathodes to form In systems which have been attempted experimentally, there is good correlation between cycle life and the magnitude of the calculated decomposition energy. Most notably, the stability range for the thiophosphate electrolytes in Figure 2 are very narrow, with predicted stability only between 2 and 2.5 V vs Li metal. In these systems, including Li 4 SnS 4 44 or Li 10 GeP 2 S 12 13, 16 electrolytes, oxide coatings on the cathode and high voltage (low μ Li ) anode materials, e.g. indium metal, must be used. Additionally, recent work 45 has shown that Li 10 GeP 2 S 12 can be used as an anode, cathode, and electrolyte in a battery, with carbon added to increase the electrical conductivity of the electrode materials.
A few full-cell configurations have been shown experimentally to require minimal overpotential and to exhibit good cycle life. A cell utilizing LiTiS 2 cathode with Li 2 S−P 2 S 5 electrolyte 46 has been shown to be relatively stable over many cycles even at elevated temperatures. Our calculations predict only a small driving force for insertion of lithium into the Li 3 PS 4 electrolyte (chemically very similar to a Li 2 S− P 2 S 5 glass) due to the very low voltage of the cathode. Good performance has also been achieved in a wide variety of cells using a LiPON electrolyte, 1,47 which we calculate to be stabilized by the formation of a passivating layer of Li 3 PO 4 at high voltages. This is another example of where the decomposition reaction (see Table S1 ) must be examined for passivating products that retain Li-ion conductivity.
This thermodynamic analysis can also be applied to find mitigating solutions in systems where we predict cathode/electrolyte combinations to react. Typically cathode coatings such as Li 4 22 or LiNbO 3 13, 22 are used at the cathode-electrolyte interface. Figures 2 and 4 show clearly why such a barrier layer is effective -the stability window of these materials is much wider than any of the sulfide materials, and all of these are stable at oxide cathode voltage.
■ DISCUSSION
Interfacial stability is a key problem for solid-state battery devices. In this paper we have developed the foundation of a predictive approach to establish the electrochemical and chemical reactivity between electrodes and electrolytes. Our thermodynamic analysis of electrolyte materials enables an understanding of the processes governing interfacial stability and is easily scalable to examine electrolyte/electrode combinations across a wide range of chemical systems. In this work, we combine DFT with experimental data to expand the thermodynamic data available for our analysis. The same methods can be applied to purely experimental thermochemistry data in systems where it is available.
Though our methodology does not consider explicitly the kinetics of interfacial layer formation, these are intimately related to the bulk thermodynamics. Typically, solid-state reaction rates are limited by either diffusion or nucleation kinetics. For the formation of a thin interfacial layer, the diffusion distance for all reacting species is very small and hence the diffusion time constant is expected to be short. The heterogeneous nucleation rate of the interfacial layer is determined by the free energy of the critical nucleus ΔG* = 16πγ 3 /(3ΔG 2 )·S(θ), where ΔG is the change in energy of the bulk, γ is the interfacial energy, and S (θ) is a shape factor less than 1. 48 Since incoherent interfacial energies do not vary much among ionic solids, for an interface to be kinetically stabilized by a nucleation barrier it must have a small reaction energy.
One major area of battery research is the use of newly developed thiophosphate materials having extremely high lithium conductivity in conjunction with relatively high voltage cathodes. These interfaces have two pathways leading to device failure. First, considering only the lithium chemical potentials experienced by the electrolyte shows that attempting to charge a typical oxide cathode is likely to lead to the formation of a passivating but highly resistive sulfur layer by lithium extraction. Second, in contact with an oxide cathode, mixing of the cathode and electrolyte is to be expected due to the high stability of the phosphate anion and Li 3 PO 4 phases. This is in good agreement with experimental observation of P and Co transport across the interface in a LiCoO 2 /Li 2 S−P 2 S 5 battery. 49 There has been speculation that the interfacial resistance is caused by a space charge region with Li segregation into the cathode decreasing conductivity. 23 While this segregation is certainly possible and is likely to occur to some extent, it would result in an increase in conductivity by increasing the number of charge carriers. Our calculations suggest that complete breakdown of the electrolyte including oxidation of S 2− to form a blocking layer is more likely at the chemical potentials of typical oxide cathode materials. Commonly, cyclic voltammetry is used to evaluate and report electrolyte stability. Somewhat surprisingly given the inherent stability limitations of the sulfide materials, extremely wide stability windows have been reported, in some reports extending as high as 10 V vs Li metal. 13, 14, 50 This may be caused by a thin layer of oxidized, lithium deficient, electrolyte at the electrode, for example elemental sulfur in systems containing thiophosphate electrolytes. Such an interfacial layer will significantly impede lithium mobility, so CV curves should be augmented by Li transport measurements at these high voltages to confirm electrolyte function under extreme applied potentials.
A significant difficulty in finding a good solid electrolyte is finding one that is stable at both the cathode and anode. From Figure 2 , the Li 7 La 3 Zr 2 O 12 garnet 5 and LiAlO 2 materials meet the stability requirements for high voltage cathodes. Because of its chemical similarity to LiAlO 2 , ion exchanged Li β″-alumina also shows a wide stability window and with higher room temperature conductivity. 51 Incorporation of these oxide electrolytes into solid-state batteries is typically difficult, as many suffer from high grain boundary resistance or require high temperature sintering to obtain good contact with the electrodes. The binary halides have extraordinarily wide stability windows, but ionic conductivity is prohibitively low for all but the lowest power applications unless a second cation is added. 52−58 Unfortunately, the addition of such a cation typically makes these materials unstable against reduction by low voltage anodes (Figure 2) .
Cathode coatings improve the performance of high voltage electrolytes by isolating the electrolyte materials from the low lithium potential, and imperfections in the coating allow reactions between cathode and electrolyte that yield passivating and ionically insulating reaction products. Because of this resilience to imperfections, thin coatings of lower conductivity materials can be used. Coating of the anode is in principle more difficult because lithium reduction of the electrolyte usually yields an electronically conductive (and therefore not passivating) decomposition product. One solution to this problem may be to combine two electrolytes in a single cell such that the high-voltage electrolyte protects the low-voltage electrolyte from oxidation, and the low-voltage electrolyte protects the other from reduction. Due to the thickness of the between them, but they should also be chosen such that they do not react in other ways, which can be verified using the methodology of eq 2. While complete thermodynamic stability of the bulk electrolyte and cathode phases in contact with each other is ideal, this is difficult to achieve, and our calculations show that this is likely not the case in a number of high performing systems. In batteries utilizing thiophosphate electrolytes our calculations show that the anode is likely to reduce the electrolyte, and in cells using a LiPON electrolyte we predict oxidation of nitrogen by the high cathode voltage. In both of these cases, the decomposition products are electronically insulating and have significant lithium concentration and so can support lithium ion conductivity. Optimization of the electrolyte/electrode combinations to produce similar passivating decomposition products may be a viable route toward creating high-performance systems and overcoming bulk chemical incompatibilities.
Our results suggest a few combinations of known cathode and electrolyte materials that may be combined to create highperformance batteries which have not been previously attempted. One such combination is that of Li 3 PS 4 or the higher conductivity Li 7 P 3 S 11 glass-ceramic electrolyte combined with LiVS 2 . This combination shows minimal decomposition energy according to Figure 4 . This cell is expected to have a higher voltage and slightly better stability than the similar LiTiS 2 cathode with the Li 2 S−P 2 S 5 electrolyte of ref 46 , which is also predicted by our calculations to have good performance, and was able to cycle for over 50 cycles without a barrier coating. Another possible combination predicted by our calculations is a LiBH 4 −LiTiS 2 cell. LiBH 4 is unstable against the high voltage of LiCoO 2 , and a steadily increasing interfacial resistance is seen experimentally 59 but is predicted to be more stable against the lower voltage LiTiS 2 .
■ CONCLUSIONS
In this work, we have developed a computational method to screen cathode/electrolyte combinations for compatibility and interfacial stability in solid-state batteries. We find that the bulk material stability or passivation by ionically conductive products at the cathode μ Li is essential for long-term device performance and that thermodynamic calculations allowing mass transfer across the interface are also required to provide a more thorough analysis of the interfacial reaction and better predict experimental results. We use our methodology to screen a wide range of electrolyte/electrode combinations, finding exceptionally good agreement with experimental results and also suggesting numerous novel cells with improved stabilities compared to current state-of-the-art. The breadth of our calculated data also serves as a valuable reference for experimentalists wishing to construct cells with new combinations of battery materials. 
